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ABSTRACT: There are over 300 timber bridges on Queensland state controlled roads which require constant maintenance as the timber components deteriorate over time. Inspections are done at three levels depending on the necessity. A significant number of the defects are due to poor practices such as excessive sniping of girders and corbels, which contribute to many bridges being rated in poor condition. This causes costs to increase due to increased inspection frequencies and rectification works. The aim of this research is to critically investigate the effect of sniping on the overall structural performance of individual bridge elements. Based on inspection reports for timber bridges, it is understood that sniping is a major issue and it contributes towards the deterioration of the whole member. Structural analysis has been carried out using finite element modelling in Ansys. Finite element modelling allows idealised timber components to be analysed under different loading conditions. This has been used to compare the effect of snipe depth on the structural integrity of timber components such as girders and corbels. As snipe depth increases, stress concentrations form at the snipe resulting in increased risk of splitting. Based on this modelling, some recommendations are made regarding the future assessment of component condition states.

1	Introduction
Timber has been a popular material for bridge construction in Queensland since colonial times. Many timber bridges remain in service on the Queensland state controlled road network, despite being superseded by prestressed concrete bridges as the preferred bridge type.
The legacy timber bridge network creates many challenges for the authorities in charge of maintenance. The aging timber bridges are being overstressed by increasing traffic loadings. The bridges were all built to obsolete design codes and traffic loadings, meaning they may not have sufficient capacity to handle modern heavy vehicles. While rehabilitation programs and replacement programs are in development, the sheer number of timber bridges on the road network means it will take many years to rehabilitate or replace them all. Therefore, there is a pressing need to maintain the existing network of timber bridges and extend their service lives until the resources become available for rehabilitation or replacement.
Timber bridges suffer from a range of degradation mechanisms which means intensive and costly inspection regimes must be implemented to guarantee continued operation. The scarcity of suitable hardwood timber components also adds upwards pressure to the maintenance costs. Although the up-take of alternative technologies such as glued laminated (Glu-Lam) and fibre reinforced polymer (FRP) girders is currently happening although the process is still extremely slow, at least in Australia. As a naturally occurring product, timber has a high degree of variability, which makes structural analysis difficult. Condition states are often calculated using empirically derived or arbitrary limits, and often depend on the judgement of bridge inspectors.
Due to all of these challenges faced by the timber bridge network, it is a priority to identify ways in which maintenance costs can be reduced while increasing service life. This research project will review the current state of maintenance and rehabilitation practices, in order to identify areas for improvement mainly for girders and corbels. 
This research paper reports a numerical investigation on the behavior of timber bridge girders and corbels and attempts to link it with the condition states. Condition states drive the frequency and intensity of bridge inspections, and are used as a basis for justifying rehabilitation and replacement projects. If it can be shown that condition state ratings are too conservative, it may be possible to save considerable amounts of money by reducing the frequency of inspections, and delaying the need for costly replacements.
Timber bridges were relatively cheap and fast to construct, up to 50% of the cost of an equivalent concrete bridge (Crawford 2014), which allowed for the rapid expansion of Australia’s nascent road and rail networks. However, timber bridges have a shorter design life (Nicholas 2014) than concrete, and require more in-service maintenance. It is important to recognize the contribution provided by timber bridges in the rapid social and economic expansion of Australia. These bridges were designed to have relatively short service lives, and were never intended to handle present day traffic volumes and loads. The short term benefits of timber such as low cost, availability and ease of construction were the dominant factors influencing early decision makers. However, the popularity of timber in the past has left behind a legacy of ongoing maintenance, rehabilitation and eventual replacement of Australia’s timber bridge stock. Slow rates of replacement means there will be a requirement to keep timber bridges in service for decades to come. This requirement is a huge challenge to transportation authorities, who need to minimize the cost of inspecting and maintaining timber bridges, while planning future rehabilitation and replacement programs.
2	Timber bridges in queensland
In 2005, there were approximately 500 timber bridges in services on state controlled roads in Queensland. The mean age of timber bridges is approximately 60 years and at current rates of replacement, some of these bridges will need to remain in service for the next 30 to 40 years. All timber truss-type bridges have been removed from service on the Queensland state controlled road network. The remaining timber bridges are mostly timber girder bridges (Roads 2005)(BAM 2005a). These bridges typically include timber piles, headstocks, corbels, girders and decks, although sometimes steel or concrete components are substituted. 
3	Sniping
The Timber Bridge Maintenance Manual (Queensland Department of Transport and Main Roads) acknowledges that sniping is used to allow easy insertion of replacement components. However, this technique can compromise structural integrity and fail to improve the condition state rating of the new component or the bridge as a whole.
Sniping causes stresses to concentrate at the end of the notch, which in turn increases the tendency for longitudinal cracking. Once a component has cracked, the effective sectional depth available to resist bending and shear stress is reduced. This can reduce the overall structural capacity of a component. The tensile strength of timber is lowest perpendicular to the grain. The stresses concentrated at the snipe can thus cause cracking if they result in tensile stress normal to the grain. An excessively deep snipe also reduces the cross sectional area available to resist bending and shear forces.
In order to reduce the concentration of stresses at the snipe, a recommended snipe angle of 1:4 is preferred; however it is a question whether this ratio is strictly adhered to in practice. While this may reduce the concentration of stresses at the snipe, it does not affect the overall reduction in shear capacity due to a decreased cross sectional area.
Excessive sniping of corbels is considered to be less severe as the notch is in compression rather than tension. This reduces the tendency for longitudinal cracking. There is a concern that an excessively deep cut may cause the corbel to lose bending strength and then fail in bending when loaded.
Table 1. Condition states based on snipe depth
____________________________________
Snipe depth						Condition state
________________________
Girder     			Corbel
___________________________________________
0%					0%					1
<10%				<10%				2
10-15%			10-18%				3
16-30%			19-25%				4
___________________________________________
The Bridge Inspection Manual outlines what condition state a component should be placed in based on the observed snipe depth (Table 1). There are other potential defects such as rot or splitting which may result in a component being rated in a worse condition. Generally, the most limiting defect and corresponding condition state are recorded. The presence of other less serious defects is usually recorded in the inspector notes.
The Timber Bridge Maintenance Manual recommends that any girder with a snipe depth greater than 30% of the original sectional depth should be replaced. Anything less than 15% is acceptable, and snipes between 16% and 30% of the depth should be strengthened with anti-splitter bolts (Table 2).
Table 2. Remedial actions for girders and corbels
___________________________________________
Snipe depth			Remedial action
___________________________________________
Girder		<15%					None
				16-30%					Anti-splitting bolts
				>30%					Replace
Corbel		<25%					None
				>25%					Strengthen and replace
___________________________________________
4	numerical investigation
As identified before, the finite element method (FEM) analysis was performed by modelling girders and corbels to resemble sawn octagonal timber components, as used for Class A timber bridges on Queensland state controlled roads.
4.1	Model limitations
Finite element models can only ever represent a simplified version of reality. While there has been a lot of effort made to ensure the models reflect reality as close as possible, there are several limitations to the model:
•	Components are idealised based on common lengths and profiles. Where a range of alternatives were available, the most limiting dimensions were chosen, as those were likely to result in the most adverse effects. 
•	The 3-dimensional Brick models cannot account for the effects from sloping grain or knots in the timber. These are properties that are unique to each individual timber component and their effects are difficult to predict. Timber is assumed to have grains aligned with the longitudinal axis, and free from knots or other defects.
•	Timber is a highly variable material. Material elastic properties are derived from the Australian Standards, and may not represent the actual properties of a specific species or piece of timber. Material properties will be discussed further in this paper.
•	The models assume that there are no other forms of degradation such as piping, surface checks or rot. It is theoretically possible to model these degradation mechanisms but it would require a much finer mesh, resulting in greatly increased computation time.
•	The models do not account for repeated load effects or age-related loss of strength (which may be up to 50% of original strength).
•	The angle of snipe is assumed to be 1:4 regardless of snipe depth, but in the real world, the angle of the cut is highly variable due to installation restrictions and workmanship standards.
4.2	Material properties
Grey ironbark (Eucalyptus siderophloia) is a common timber species used in the region due to its density, strength and resistance to termite. For the purpose of modelling timber bridge components, the properties of grey ironbark were selected from the AS1720.2 (2010). It is assumed the girders and the corbels are unseasoned because bridge timbers were considered to be in an unseasoned state in the past (Heckroodt 2002; Nicholas 2014). The minimum requirements for timber girders according to MRTS87 are a stress grade of F27 and a structural grade of 1. F22 timber is accepted, provided that no defects are visible in the middle third of the member. As corbels are only secondary structural members, the requirements are slightly relaxed. Corbels may be stress grade F22 and structural grade 2. F22 grade Grey Ironbark is modelled as this is the theoretically weaker timber, and should hence produce the most adverse result. F22 timber has a modulus of elasticity parallel to grain of 16000 MPa and modulus of rigidity of 1070 MPa. Orthotropic elastic properties for F22 timber was analysed (Forest Products Laboratory 2010) to develop the following ratios:
Table 3. Properties of grey ironbark
____________________________________
	Modulus of 			Modulus of 			Poisson ratio
Elasticity (MPa)		rigidity (MPa)
___________________________________________
EL		16000		GLR		1072			 LR 	0.4
ER		1956			GRT		320			 RT 	0.7
ET		1956			GLT		1072			 LT 	0.5
														 RL 	0.05
														 TR 	0.061
														 TL 	0.03
___________________________________________
The subscripts L, R and T shown in Table 3 refer to the longitudinal, radial and tangential directions respectively.
4.3	Model development
The girders and corbels are modelled to closely resemble sawn octagonal timber components, as used for Class A timber bridges on Queensland state controlled roads using ANSYS finite element software package. Solid 45 elements were selected in modelling the girders and the corbels. Although Class A bridges are now considered obsolete, the components used for maintenance and rehabilitation are of similar dimensions. The model dimensions used in the simulation are shown in Figure 1.


Figure 1. Typical girder and corbel layout
4.4	Girders
Six timber girders were investigated; with snipe depths ranging from 0% to 50% of the cross sectional depth and they were assumed to be simply supported at the ends. The maximum tensile stresses and maximum displacements obtained for all considered snipe depth variations were plotted against the snipe depth percentage. 
The maximum tensile stresses variation displays an exponential distribution with regards to the increase in snipe depth as shown in Figure 2.  Increase in snipe depth from 10% to 50% increases the bending stresses more than twice the stresses at 10% of snipe depth. It is evident that the reduction in effective bending depth in girders causes significant increase in bending stresses. Therefore it is an important aspect to consider the correct snipe depth in design of timber girders. Due to the natural degradation of timber girder strength with time, there is a higher risk associated with old bridges in this aspect.  





Figure 2. (a) Maximum tensile stress variation with snipe depth, (b) Tensile stresses in girder
Figure 3 shows the variation of maximum displacement at the mid span of the girder with the change of snipe depth. This plot also displays an exponential growth in displacements at the mid span with increase in snipe depth. Increase in snipe depth from 10% to 50% increase the maximum displacement by approximately twice as the displacement at 10%. 






Figure 3. (a) Maximum displacement variation with snipe depth, (b) Maximum displacement in girder
Due to the reduction in effective depth in girders, both stresses and displacements are significantly increased. This could results in splitting of girders and encouraging complete failure at some stage if correct actions are not taken. A potential defense against structural failure is the installation of anti-splitter bolts. These bolts are installed vertically through the girder at locations near the snipes. As the stresses are developed, they are transferred to the steel bolts, which will alleviate the strain in the timber member. The anti-splitter bolts would only be effective where there is enough cross-sectional area remaining to withstand the shear forces at the supports.
4.5	Corbels
Similar to girders, five timber corbels were also modelled with snipe depths varying from 10% to 50% of the cross sectional depth and maximum stresses and displacements at the mid span were examined. The most adverse conditions for the corbel occur when the girder load is transferred close to the corbel outstand. This would occur if the girder end had deteriorated, resulting in the support point creeping back towards the end of the corbel. This is basically the structural purpose of the corbel, to offset the effects of deterioration to the ends of the girders, and provide a larger bearing surface for the girders to rest on.



Figure 4. (a) Maximum tensile stress variation with snipe depth, (b) Tensile stresses in corbel
The finite element models only considered performance under an arbitrary loading. Performance is broadly defined by the amount of deflection and the degree to which stresses were concentrating at the snipe. The maximum stresses at the corbel as shown in Figure 4, display a significant increase due to the increase in snipe depth. Large increase in stresses is observed when the snipe depth exceeded 20%, and there is no much difference in the stresses in change of snipe depth 10% and 20%. 


Figure 5. (a) Maximum displacement variation with snipe depth, (b) Maximum displacement in corbel
The variation of maximum displacement at the mid span of the corbel was plotted against the snipe depth percentage as shown in Figure 5. An exponential growth is observed due to the increase in snipe depth similar to the behavior of girders and increase of snipe depth from 10% to 50% increases the displacement more than 3 times.  
Considering both stress variation and displacement variations with respect to the increase in snipe depth, it is proposed that reasonable snipe depth for a corbel could be below 20% of the total depth. As per Table 2, remedial action should be taken for corbels with snipe depths greater than 25%. However it is proposed from this study that snipe depth greater than 20% would be a reasonable figure to have some remedial actions corbels. 
5	conclusions
Having identified sniping as a major area of concern for timber bridges, finite element modelling was used to further investigate this issue. The models were used to simulate the behaviour of girders and corbels with different snipe depths. Preliminary results tend to confirm the TMR restriction on snipes greater than 30% for girders and it is proposed that 20% snipe depth could be sensible for corbels. Condition state ratings, by their nature, are based on observable traits specific to each component. It is a subjective number used in an attempt to quantify some sort of defect. Condition states are not intended to quantify the load capacity of a component or a structure – they merely indicate general condition. For this reason, it is believed that condition states should be used for plotting deterioration trends from natural and mechanical degradation. They are not the ideal way to quantify inbuilt defects such as excessive sniping or point loading, as these defects do not change with time, hence no deterioration curve can be plotted. It is therefore difficult to link condition states to the structural performance of a sniped component. However, due to the history of continuing adequate performance, with no corbel failures attributed to excessive sniping, the case could be mounted to relax the requirements of the Bridge Inspection Manual.
references
 ADDIN EN.REFLIST Crawford, S 2014, 'Timber Bridge Management: Past, Present and Future', in Engineering and Technology Forum, Transport Main Roads, Queensland.
Forest Products Laboratory 2010, Wood Handbook: Wood As An Engineering Material, [Text (Electronic bk )], General technical report FPL-GTR-113, U.S. Dept. of Agriculture, Forest Service, Forest Products Laboratory,, Madison, http://app.knovel.com/web/toc.v/cid:kpWHWEM00F (​http:​/​​/​app.knovel.com​/​web​/​toc.v​/​cid:kpWHWEM00F​).
Heckroodt, R 2002, 'Guide to the Deterioration and Failure of Building Materials', in Chapter 5 Deterioration of timber, Thomas Telford Cape Town, South Africa, pp. 87-105.
Nicholas, A 2014, 'The New Australian Standard AS 5100 Part 9: Timber Bridges', in 9th Austroads Bridge Conference ARRB,  Sydney, New South Wales.
Queensland Department of Transport and Main Roads 2005, Timber Bridge Maintenance Manual, Bridge Asset Management, Structures Division, Road System and Engineering, Australia.


(a)

(b)

(a)

(b)

(a)

(a)

(b)

(a)

(b)



